In Saccharomyces cerevisiae, the gcr mutation is known to have a profound effect on the levels of most glycolytic enzymes, reducing them to 5% of normal or less in growth on noncarbohydrates. Here I report the preparation of chromosomal gcr insertion and deletion mutations. The null mutations were recessive, were not lethal, and caused a pattern of glycolytic enzyme deficiency similar to that seen earlier for the gcrl-l allele, including the partial inducibility by glucose of the residual enzyme activities. DNA sequence analysis showed that GCRI encoded a protein of molecular weight 94,414, with a very low codon bias index, characteristic of several S. cerevisiae regulatory genes; adjacent 5' and 3' sequences contained elements suggesting that it was transcribed, polyadenylated, and translated. RNA gel transfer hybridization experiments with purified polyadenylated RNA and a probe complementary to the 5' portion of the open reading frame showed that Ger was expressed as a polyadenylated transcript. Together with previous work, the present results suggest that the Gcr product may be a transcriptional factor necessary specifically for the high-level transcription of a limited set of genes whose products, the enzymes of glycolysis, constitute a substantial fraction of cell proteins and are responsible for the primary metabolic flux in many cells.
In many cells the primary metabolic flux is sugar metabolism through the glycolytic pathway. The enzymes of this pathway constitute as much as 30 to 60% of the total soluble proteins in Saccharomyces cerevisiae (8, 10) . These values represent high levels of expression of the individual genes; most of the reactions depend on single genes specifying single isozymes, and even for reactions with more than one isozyme, a single one may predominate in growth on glucose.
In S. cerevisiae, the various genes encoding glycolytic function, as far as is known, are unlinked. It is not clear whether there are mechanisms governing their expression as a group, but one indication for such control is the properties of gcrl mutants (5, 6) . The gcrl mutation causes three significant effects. (i) Growth on glucose is quite defective, but growth on noncarbohydrates is adequate. (ii) As assessed in the latter condition, levels of most of the enzymes of glycolysis are 5% of normal or less. (iii) In the presence of sugars, levels of several of the enzymes are substantially induced, to as much as 25% of normal. Evidence suggests that the gcrl mutation causes a reduction in mRNA for the affected enzymes (5) . A DNA clone encoding the putative GCRI allele has been reported (13) . This clone was obtained by complementing the growth defect on glucose; in strains harboring the plasmid, glycolysis enzymes were restored to normal levels (13) .
In this paper gcrl::LEU2 insertion and gcrl deletion-LEU2 substitution mutations were prepared in vitro and introduced into the S. cerevisiae genome. The profile of the glycolytic enzymes in chromosomal null mutants is presented, and in addition I show, through DNA sequencing, that GCRI probably codes for a large regulatory protein.
MATERIALS AND METHODS
Nucleic acid manipulations. Standard techniques used throughout the course of this study are described in Maniatis et al. (18) . S. cerevisiae DNA was prepared by the method of Sherman et al. (25) . Plasmid DNA isolated from Escherichia coli was prepared by the sodium dodecyl sulfate (SDS)-NaOH lysis procedure described by Silhavy et al. (26) .
Total S. cerevisiae RNA was prepared by the method of Struhl and Davis (28) . Hybond-mAP (Amersham Corp.) was used to purify polyadenylated [poly(A)+] by the specifications of the manufacturer.
Plasmid constructions. Plasmid pHB3 was prepared by deleting a 4.2-kilobase-pair (kbp) NcoI fragment from the right side of the insert of plasmid pGCR1. In plasmid pHB4 the leftward 2.7-kbp portion of the insert was deleted as an HindIII dropout by using the HindIlI site on plasmid Yepl3 (4), which lies 346 base pairs (bp) upstream from the BamHISau3A junction in plasmid pGCR1. Plasmids pHB9 and pHB12 are derivatives of plasmids Yepl3 and pBR322, respectively, into which the 4-kbp BclI fragment from the central portion of the insert in plasmid pGCR1 was cloned at their BamHI sites. Plasmid pHB14 is a derivative of plasmid pHB12 into which a 3-kbp DNA fragment encoding LEU2 was cloned into the NcoI site of plasmid pHB12. Plasmid pHB25 was constructed in two steps: first, a 7.4-kbp SaII fragment was cloned from plasmid pGCR1 into plasmid pBR322, and then the 4-kbp BclI fragment was replaced with a 3-kbp BglII fragment encoding LEU2.
Transformation. E. coli strains were transformed with plasmid DNA by the method of Enea et al. (7) . The method of Ito et al. (11) was used to transform S. cerevisiae strains.
Gel-transfer hybridization. Gel-transfer hybridization experiments (28, 29) were carried out with cationated nylon membranes (GeneScreen; Du Pont). DNA and RNA transfer and hybridization procedures followed the protocols supplied with the membrane, except that an additional wash in 0.1x SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.5% SDS at 65°C for 30 Enzyme assays. Cultures were grown in YP medium (25) supplemented with 2% lactate and 1% glycerol. Four hours prior to harvest, half of each culture was shifted to glycolytic medium by the addition of glucose (final concentration of 2%) to the growth medium. The cultures (mid-to latelogarithmic growth phase) were harvested by centrifugation, washed, and suspended in extract buffer (3 ml/g of cell pellet), and then the extracts were prepared by passage through a French pressure cell as described previously (6) . Cell debris was removed by centrifugation.
Enzyme assays were carried out as described by Clifton et al. (6) , with the exception of aldolase, which was assayed by the method of Richards and Rutter (22) . Protein concentration was deterrhined by the method of Bradford (3) .
DNA sequencing. The dideoxy chain termination method of Sanger et al. (24) was carried out as described in a protocol obtained from Amersham. Initially, the 4-kilobase (kb) BclI fragment was cloned in both orientations into the BamHI site of the M13 phages M13mpl8 and M13mpl9 (30) . To generate many of the clones used for sequencing, dropout subcloning experiments were used between sites within the fragment and sites in the polycloning region proximal to the universal priming site. Other clones were generated by cloning particular fragments into the M13 phages.
RESULTS
Restriction mapping and subcloning. gcrl mutant strains form very small colonies on enriched medium containing glucose (e.g., colony size of 0.2 mm compared with ca. 2.5 mm for wild-type [GCR] strains [5] ). The plasmid provisionally named pGCR1 was originally isolated from an S. cerevisiae DNA gene bank (chromosomnal fragments from a partial Sau3A digest ligated into the unique BamHI site of plasmid Yepl3) on the basis of its complementation of this growth defect (13) . Its insert proved to be 7.7 kbp in size (Fig. 1) . The results of three subcloning experiments carried out to further define the region encoding Gcr--complementing activity are shown in Fig. 1 . Transformation of the leu2 gcrl recipient, strain DFY407, with selection for Leu+ and scoring of growth on glucose showed that the Gcr--complementing activity was carried by plasmid pHB9, which carries the central ca. 4 -kbp portion of the insert. Transformants of strain DFY407 harboring plasmid pHB9 or pGCR1 segregated small colonies on YPD plates which proved to be Leu-Gcr-, as expected. Acquisition of plasmid DNA by the yeast transformants was confirmed by reisolation and mapping of the plasmids.
Although plasmid pHB4 was unable to complement the nonreverting gcrl-l mutation, the plasmid was able to rescue it. Leu+ transformants of gcrl-l mutant strains harboring plasmid pHB4 reverted to Gcr+ at a frequency of 1.5 x 10-5.
DNA gel-transfer (27) hybridization experiments showed that the transformant and revertants each carried plasmid pHB4 integrated in the chromosome (data not shown). The gene conversion of gcrl-l to Gcr+ by plasmid pHB4 shows allelism of the cloned gene with geri and further maps the mutation specified by gcrl-l to the right of the second HindlIl site of plasmid pGCR1, as shown in Fig. 1 .
Isolation of gcrl::LEU2 insertion and gcrl deletion-LEU2 substitution mutations. The inability of both plasmids pHB3 and pHB4 to complement gcrl suggested that the unique NcoI site of plasmid pHB9 ( Fig. 1 ) was within the gene. To test this assertion, a gene disruption experiment (23) was carried out, in which foreign DNA encoding LEU2 was cloned into the NcoI site. First, the 4-kb BclI fragment was cloned from plasmid pGCR1 into plasmid pBR322, yielding plasmid pHB12. Then, a 3-kbp fragment encoding LEU2 was cloned into the NcoI site of plasmid pHB12, giving rise to plasmid pHB14. A transplacement experiment (23) was then carried out to determine the effect of the disruption. Plasmid pHB14 DNA was digested with PstI and used to transform diploid strain DFY535 (GCRIIGCRI leu211eu2) to leucine prototrophy. Scoring of transformants on YPD medium showed them all to be Gcr+, but tetrad analysis showed that Gcr-Leu+ segregated 2:2 with Gcr+ Leu-. The same transformation done with haploid strain DFY510 (GCRI leu2) gave rise to a Leu+ transformant, strain DFY512, which was phenotypically Gcr-. mutation was prepared in which a 3-kbp DNA fragment encoding LEU2 was substituted for the entire 4-kbp BclI fragment ( Fig. 1) (plasmid pHB25-see Materials and Methods). The new mutation was likewise introduced by transplacement into the diploid strain DFY535 (GCRIIGCRJ leu211eu2), and as with the gerl::LEU2 insertion mutation, transformants (e.g., DFY519) were Gcr+ but segregated Gcr-::Leu-2:2. Thus, like the insertion mutation, the gcri deletion-LEU2 substitution mutation was not lethal.
The genomic structure of the various strains was determined by DNA gel-transfer (27) hybridization experiments. For the series of strains including the gerl: :LEU2 insertion mutation (whose putative structure is indicated in Fig. 2B ), chromosomal DNA was digested with HindlIl and probed, after electrophoresis and transfer, with a radioactive BclIHindlIl 1.2-kbp fragment from the original clone ( Fig. 2A) spanning the NcoI site. As expected, in Gcr+ strains the probe hybridized to a band of 1.4 kbp. A second band of 4.4 kbp (i.e., larger by the size of the LEU2 insertion) was seen in the heterozygote (GCRJIgcrrl: :LEU2, lane e), and this was the only band observed in the haploid Gcr-strains: i.e., the two Gcr-segregants of the diploid (lanes f and g) and the Gcr-transplacement of the haploid (lane b). Only the wild-type band was found in the Gcr+ transplacement of the latter mutant (lane c).
For the series of strains including the gcrl deletion-LEU2 substitution mutation (whose putative structure is indicated in Fig. 2C Figure 3 shows the results of an assay for 12 enzyme activities for the same set of nine strains, a to i. Their gcr genotypes, as briefly indicated in the first panel, are a, GCRI haploid; b, gcrl::LEU2 (insertion); and c, GCRI reformed from strain b; d, diploid GCRIIGCRI; e, diploid GCRJIgcrl::LEU2 (substitution); and f through i, a tetrad from strain e. It was previously reported (5) for the gcrl mutant that the levels of most of the glycolytic enzymes were low for the eight enzyme activities shown in the first two rows of Fig. 3 . The main conclusion to be drawn from the present assays is that the same pattern was also shown by the insertion (strain b) and gcrl deletion-LEU2 substitution (strains f and h) mutants.
It was also reported earlier (5) that in the gcrl-l mutant, most of the glycolysis enzyme levels were higher in cells harvested after prolonged slow growth from a medium containing a sugar than from medium without sugar (i.e., levels 25% of normal instead of 5% of normal) and that the inducibility could be observed within a few hours of the addition of sugar. By contrast, in the wild-type strain, the levels of most of the enzymes were similar in the two conditions. In the present experiments, therefore, each strain was assayed after growth in gluconeogenic medium as well as at 4 h after glucose addition (Fig. 3) . In the new gcrl mutants a modest induction was seen with most of the affected enzymes, whereas as before, Gcr+ strains, including the heterozygote, had similar high enzyme levels in the two conditions. Four other enzyme activities are shown in the bottom row of Fig. 3 . Glucose-6-phosphate dehydrogenase and isocitrate dehydrogenase levels were apparently unaffected by gcrl. The level of fructose-6-phosphate 1-kinase was less affected than that of other glycolytic enzymes, while the total level of glucose phosphorylation activity was somewhat higher in the gcrl strains.
DNA sequence analysis. Since the 4-kbp Bcul restriction fragment carried GCRI, it was sequenced. Figure 4 shows the sequencing strategy used. Except for the terminal 94 bases on the left and 492 bases on the right side of the fragment, the entire BclI fragment was sequenced on both strands. In addition, to ensure that small restriction fragments were not missed, each restriction endonuclease site used to generate clones for sequencing was also sequenced from another clone. Figure 5 shows the entire nucleotide sequence of the 3,757 nucleotides that constitute the BclI restriction fragment.
The NcoI site used in the gene disruption experiment proved to be in an open reading frame of 857 codons which is capable of encoding a protein, the likely GCRI gene product, of 844 amino acids (starting with the first in-frame methionine codon). The sequence presented contains 561 nucteotides before the first base of the first Met codon and 662 nucleotides after the last base of the first stop codon in this reading frame. A promoterlike sequence (TATAAGA, underlined in Fig. 5 ) lies 103 bases before the putative start codon of GCRI. Likewise downstream from the putative GCRI stop codon, sequences suggestive of an S. cerevisiae transcription termination-polyadenylation site (31) were found. The sequence suggests the expression of a transcript of ca. 2.7 kb.
Direct evidence for the expression of this reading frame came from RNA gel-transfer (29) hybridization experiments with a probe spanning -190 nucleotides to +838 nucleotides (Fig. 5) . Since preliminary experiments with total RNA were uhsuccessful, presumably due to low-level expression of the transcript, poly(A)+ ptirified RNA was prepared as an enrichment. Figure 6 shows a transcript of ca. 3.1 kb (based on single-stranded DNA molecular weight standards) in a lane loaded with poly(A)+ purified RNA isolated from a 50-ml exponentially growing YPD culture of strain DFY510.
The BclI fragment may also include a portion of another gene. A second reading frame capable of encoding a polypeptide of at least 87 amino acids was found truncated at the right end of the fragment. The first methionine codon in this reading frame occurred at nucleotide 2936 (as indicated in Fig. 4 would be carried on the non-gcr-complementing plasmid pHB4 than on plasmid pHB9 itself, and its partial removal in the mutant with the gcrl deletion-LEU2 substitution mutation did not confer a special phenotype.
DISCUSSION
In this paper I have shown that (i) gcrl-complementing activity, originally obtained as a 7.7-kbp insert in a hybrid plasmid, encodes GCRI; (ii) the gene is fully contained within a 3.7-kbp fragment; (iii) chromosomal insertion and gcri deletion-LEU2 substitution mutations give the same phenotype as the original geri mutation; and (iv) the fragment contains an open reading frame which is expressed as a poly(A)+ transcript capable of encoding a protein of 844 amino acids, the putative GCRI gene product.
The first methionine codon in the GCRI reading frame occurs at codon position 14 . As with many yeast initiation codons, it is preceded by an A at nucleotide position -3 (14) and succeeded by a T at nucleotide position +6 (1). There is a promoterlike sequence, TATAAGA, 103 bases before the putative start codon. In addition, the sequence TCAA, which is proposed to specify the precise transcription start point (9) , is in an appropriate position downstream from the TATA box. The first in-frame stop codon occurs 845 codons after the ATG start codon. This stop codon is followed by another stop codon three codons later. Sequences in good agreement with the consensus sequences proposed (31) for transcription termination-polyadenylation in S. cerevisiae are found in the region 3' to the stop codon.
Earlier work showed that mRNA levels for the affected genes were lower in the original gcrl mutant (5); thus, Gcr may function in transcription. The mechanism by which the GCR gene product mediates its effect remains to be elucidated. However, my working hypothesis is that the GCR gene product is a positive activator of glycolytic gene expression which is needed for high-level expression. The deduced amino acid sequence of the putative GCRJ gene product indicates that it would have a molecular weight of 94,414.
The codon usage of GCRJ (Table 1 ) allowed calculation (2) of its codon bias index as -0.00086. This scale indicates codon usage with respect to a preferred set of 22 codons found in highly expressed genes. Values for several glycolytic proteins are in the range 0.93 to 0.99 (2) , whereas six known regulatory proteins ranged between 0.048 and -0.034 (12, 15) . Thus, the value for the Gcrl protein might accord with its being regulatory and expressed at a low level. Since it is not unreasonable to expect that Gcrl protein might have DNA-binding activity, the deduced amino acid sequence was scanned for sequences suggestive of an alphaturn-alpha motif characteristic of many DNA-binding proteins (21) . One such sequence was found near the carboxy terminus of the polypeptide (the amino acids in the sequence are underlined in Fig. 5 (5) papers show that the levels of these enzymes are relatively constitutive, comparing growth on glucose with growth on noncarbohydrate carbon sources; a similar conclusion was reached in a recent study of the three glyceraldehyde-3-phosphate dehydrogenase genes (20) . However, there is also definite knowledge of inducibility of particular enzymes or isozymes (e.g., enolase 2 [19] ) and even indications for general inducibility of the pathway (16, 17) . The degree to which these somewhat disparate results reflect differences in experimental conditions or strains is not known. Nonetheless, the present results strongly suggest A different question concerns the extent of Gcr action. The number of genes affected by Gcr might be as few as those already recognized-eight or so glycolytic genes. The growth effect of gcrl mutations more or less fits with the described enzyme profile. And, as shown for gcrl-J, the protein pattern in SDS-polyacrylamide gel electrophoresis was generally normal except for the altered amounts of some prominent bands that are probably glycolytic proteins (5). However, there may be a variety of affected genes which are as yet unrecognized. It should also be emphasized that the levels of the various glycolytic enzymes are not equally affected by gcr. In the null mutants, as in gcrl-l (5), the largest relative effects were on phosphoglycerate mutase and enolase. And in a few cases residual enzyme levels might reflect minor isozymes whose expression is unaffected or even stimulated in the mutants.
